The majority of monsoon depressions develop from the regenesis of westward-propagating residual lows from the east. Most of these residual lows can be traced to weather disturbances in the south China Sea, including tropical cyclones and 12-24-day monsoon lows. Hypothetically, any mechanism causing a variation in the occurrence frequency of these two types of weather disturbances in the western tropical Pacific-south China Sea (WTP-SCS) region may result in a corresponding change in the formation frequency of monsoon depressions over the Bay of Bengal. Two such possible mechanisms are interannual and intraseasonal variations of large-scale summer circulation in the WTP-SCS region induced by 1) the interannual variation of the sea surface temperature (SST) in the eastern tropical Pacific and 2) the northward migration of the 30-60-day monsoon trough/ridge. The National Centers for Environmental Prediction-National Center for Atmospheric Research reanalysis data and the 6-hourly tropical cyclone track collected by the Japan Meteorological Agency for the period of 1979-94 were analyzed to substantiate the aforementioned hypothesis. The findings are as follows.
Introduction
A number of previous studies (e.g., Koteswaram and Bhaskara Rao 1963; Ramanna 1969; Krishnamurti et al. 1977; and others) suggested that the majority of monsoon depressions that form over the Bay of Bengal can be attributed to the regenesis of westward-propagating residual lows of typhoons, of tropical storms, or of other tropical disturbances from the western tropical Pacificsouth China Sea (WTP-SCS) region. This suggestion was later substantiated by Saha et al. (1981) through a comprehensive synoptic and statistical analysis of the sea level pressure tendency over northern Indochina. Hypothetically, any mechanism causing a variation in the frequency of tropical cyclones and of other weather disturbances in the WTP-SCS region may result in a corresponding change in the westward propagation of residual lows and the formation of monsoon depressions over the Bay of Bengal. Two such possible mechanisms are interannual and intraseasonal variations of largescale summer circulation in the WTP-SCS region induced by 1) the interannual variation of the sea surface temperature (SST) in the eastern tropical Pacific and 2) the northward migration of the 30-60-day monsoon trough/ridge from the equator to around 20ЊN.
In the WTP-SCS region, major weather disturbances consist of tropical cyclones, 12-24-day monsoon modes, and equatorial waves. These weather disturbances in this region undergo a distinct interannual variation.
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1) During cold (warm) NINO3 SSTs, the tropical cyclone genesis frequency in the WTP-SCS region increases (decreases) north of 15ЊN and west of 150ЊE, following the northward (southward) migration and westward (eastward) retreat (extension) of the monsoon trough in the Philippine Sea (Chen et al. 1998) .
2) The 12-24-day monsoon modes propagate westward along two tracks: one along the equator and the other around 15Њϳ20ЊN. The frequency of this monsoon mode is noticeably reduced during warm summers (Chen and Weng 1999a, manuscript submitted to Mon. Wea. Rev.) .
3) The maximum frequency of equatorial waves is located over Micronesia. However, affected by the interannual variation of the monsoon trough in the Philippine Sea, the maximum frequency of equatorial waves shifts to the region west (east) of 150ЊE during cold (warm) summers (Chen and Weng 1998) .
These interannual variations in the activity of weather systems in the WTP-SCS region are caused by the interannual variation of the large-scale summer circulation in the North Pacific basin. In conjunction with this possible change, we may question whether there is such a systematic interannual variation of summer circulation over south-southeast Asia. If such an interannual variation exists, can it facilitate or hinder the westward propagation of residual lows across Indochina from the east? According to previous studies, the intraseasonal variation of large-scale summer circulation in the WTP-SCS region can influence the frequency of weather disturbances in the following ways.
1) The onset of the south China Sea monsoon is triggered by a phase lock between a westward-propagating 12-24-day monsoon low and a northwardmigrating 30-60-day monsoon trough in the northern section of the south China Sea (Chen and Chen 1995) . On the other hand, the breaks of both the Indian monsoon (Krishnamurti 1985) and the south China Sea monsoon (Chen and Chen 1995) are attributed to a phase lock between a 12-24-day monsoon high and a 30-60-day monsoon ridge. 2) In the WTP-SCS region, the majority of westward straight-moving tropical cyclones occur during the active and break monsoon while the majority of recurving tropical cyclones appear during the transition phase between the two extreme monsoon conditions (Chen and Weng 1999b, manuscript submitted to Mon. Wea. Rev.; Harr and Elsberry 1991) . 3) The westward intrusion (eastward retreat) of trade easterlies in the WTP-SCS region during the break (active) monsoon facilitates (hinders) the occurrence and westward propagation of equatorial wave activity (Chen and Weng 1996) .
As inferred from the modulation of weather disturbance activity in the WTP-SCS region by the 30-60-day monsoon mode, it is likely that the penetration probability of the westward-propagating residual lows across Indochina, and, in turn, the genesis frequency of monsoon depressions in the Bay of Bengal, may be affected by this low-frequency intraseasonal monsoon variation. On average, six monsoon depressions are formed every summer over the Bay of Bengal (Krishnamurti 1979; Saha et al. 1981) . These westward-propagating monsoon depressions bring India half of its monsoon rain. Because of the significance of monsoon rain to human activity in India, it is important to understand the mechanisms causing any significant variation in the genesis frequency of monsoon depressions in the Bay of Bengal. An effort is made along this line with the outgoing longwave radiation (OLR) data, the meteorological data generated by the National Centers for Environmental Prediction (NCEP), and the 6-hourly tropical cyclone tracks collected by the Regional Specialized Center of the Japan Meteorological Center for the period 1979-94. This study is arranged as follows. Presented in section 2 are 1) the description of data and 2) the analysis scheme used to identify and to link monsoon depressions and the westward-propagating residual lows. The interannual variation of monsoon depression formation and the possible link of large-scale summer circulation to this variation are discussed in section 3. The intraseasonal variation in the formation frequency of monsoon depressions and its relationship with the intraseasonal variation of weather disturbances in the SCS region are analyzed in section 4. Finally, some concluding remarks are provided in section 5.
Data and analysis
The data used in this study were derived from three sources for the 1979-94 period: 1) the 2.5Њ ϫ 2.5Њ NCEP-National Center for Atmospheric Research (NCAR) 6-hourly reanalysis data, 2) the 6-hourly tropical cyclone trajectories, and 3) the 2.5Њ ϫ 2.5Њ daily OLR data. The NCEP-NCAR reanalysis data are generated with the T62 medium-range forecast model. The model has a vertical resolution of 28 sigma levels with seven levels below 850 mb. Details of the model, the analysis procedure, and the input data are found in Kalnay et al. (1996) . The analysis scheme of the NCEP model is the spectral statistical interpretation without initialization (Parrish and Derber 1992) . The model includes the cumulus parameterization of the improved Pan-Grell scheme (Pan and Wu 1994) and a simple SIB model (Seller et al. 1986 ). The SST data used by NCEP is generated with an optimum interpolation scheme (Reynolds and Smith 1994) . The 6-hourly typhoon tracks of the 16-yr period were collected by the Regional Specialized Meteorological Center within the Forecast Division of the Japan Meteorological Agency, Tokyo, Japan. Krishnamurti et al. (1977) used surface pressure to trace the westward propagation of a tropical cyclone's residual lows, whereas Saha et al. (1981) 
level isallobaric (24-h surface pressure tendency) to determine the westward-propagating weather disturbances, residual lows, and monsoon depressions. In addition to the in situ genesis, Saha et al. included the monsoon depressions formed by residual lows related directly and indirectly to tropical cyclones and to weak land-genesis disturbances over Indochina. In other words, they identified four mechanisms of monsoon depression formation. However, we also take into account in this study equatorial waves and 12-24-day monsoon lows. It was observed by previous investigators that the maximum amplitudes of equatorial waves (e.g., Reed and Recker 1971) and 12-24-day monsoon modes (e.g., Chen and Chen 1995) exist at 850 mb. In order to include residual lows of these two tropical weather disturbances in our analysis, we focus our analysis primarily on 850 mb with the following synoptic charts: 1) streamline charts of the 850-mb total wind field superimposed with OLR; 2) 12-24-day filtered streamline charts with the corresponding filtered OLR; 3) same as type-2 streamline charts, except for the 2-7-day filtered wind fields and OLR; and 4) 24-h surface pressure tendency charts. The second-order Butterworth bandpass filter (Murakami 1979 ) is employed to isolate the 12-24-day and 2-7-day signals of variables used in this study.
The general identification procedure of weather disturbances and their residual lows are as follows. 1) Tropical cyclones and residual lows derived directly from tropical cyclones or disturbances generated over Indochina in association with tropical cyclones can be easily identified by the type-1 streamline charts.
2) The identification of equatorial waves (Chen and Weng 1996, 1998 ) and 12-24-day monsoon lows (Chen and Chen 1995) has been done in our previous studies over the WTP-SCS region with the type-2 and -3 streamline charts. However, identified low centers of these two types of disturbances are checked against type-1 streamline charts to be sure that these low centers are not generated artificially by the filtering procedure of horizontal winds. 3) The weather disturbances generated by the land genesis mechanisms may sometimes be too weak to be clearly identified by both type-1 and -3 streamline charts. Type-4 24-h surface pressure tendency charts are used to clear the possible obscurity of weak disturbances caused by type-1 and -3 streamline charts.
Examples of monsoon depressions generated by all six different mechanisms are displayed in Fig. 1 . In this figure, the synoptic condition of the monsoon depression's first appearance in the Bay of Bengal is depicted by the 850-mb streamlines. Trajectories of tropical cyclones (open tropical cyclone symbols), weather disturbances of other types (open circles), residual lows (solid r's), and monsoon depressions after their first appearances (crosses) are also superimposed on synoptic streamline charts with OLR. Saha et al. (1981) discussed in detail the identification and characteristics of three types of weather disturbances directly (Fig. 1a) and indirectly (Fig. 1b) related to tropical cyclones, and generated from the land genesis (Fig. 1d) . In order to avoid redundancy, we shall provide examples for only monsoon depressions formed by residual lows of the 12-24-day monsoon low and equatorial wave.
The 12-24-day monsoon mode generally exhibits a dipole structure in which one cell is located in the Tropics close to the equator with the other cell around 20ЊN (Chen and Chen 1995) . The 12-24-day filtered streamline charts at 850 mb as shown in Fig. 2 illustrate the chronological development of a 12-24-day monsoon mode's residual low into a monsoon depression. A 12-24-day monsoon low that appeared on 8 August 1992 over Samar in the Philippines reached Indochina on 10 August 1992. Four days after its appearance, the northwestward-propagating intraseasonal monsoon low moved to the head of the Bay of Bengal on 12 August 1992 to form a monsoon depression. Interestingly, the southern cell of this 12-24-day monsoon mode on 8 August 1992 switches to become a northern cell of this monsoon mode after crossing Indochina. The corresponding 850-mb total-wind streamline charts of this 12-24-day monsoon low are displayed in Fig. 3 . A minor cyclonic disturbance centered at the Philippine archipelago started to emerge on 8 August 1992 with the monsoon trough extending southeastward from Indochina to the southern portions of the south China Sea. One day later, this disturbance grew into a well-organized closed low in the south China Sea. Propagating farther westward across Indochina, the south China Sea low eventually became almost unrecognizable until it redeveloped on 12 August 1992 in the head of the Bay of Bengal. It is revealed clearly from this comparison between Figs. 2 and 3 that the formation of a monsoon depression by the residual low of a 12-24-day monsoon low differs from that formed by Saha et al.'s land-genesis mechanism (Fig. 1d) .
Only two monsoon depressions are formed in the whole period of our analysis by the residual lows of equatorial waves. Shown in Fig. 4 is the chronological development of one of these two cases into a monsoon depression. On 28 June 1994, an equatorial wave disturbance entering the south China Sea region became sandwiched between the North Pacific anticyclone to the north and the monsoon westerlies to the south. The wave disturbance at this stage essentially merged with the low-level monsoon flow of the south China Sea. As indicated by OLR, deep cumulus convection and possible rainfall appeared west-southwest of the wave disturbance. Three days later at 0000 UTC on 1 July 1994, this equatorial wave disturbance eventually decayed into a residual low located in Burma. The regenesis of this residual low into a monsoon depression took place on 2 July 1994 as soon as this residual low reached the head Bay of Bengal. Saha et al. (1981) concentrated on only July and Au- gust in their analysis of monsoon depression occurrence frequency. The total number of occurrences of monsoon depressions in the three summer months from 1979 to 1994 counted 27 for June, 40 for July, and 29 for August. Evidently, the occurrence of monsoon depressions in June is substantial and cannot be neglected. Since the climatological onset date of the Indian monsoon is 1 June in southern India (Rao 1976) , it seems more logical for our analysis to cover the entire summer monsoon season, which includes June-August. With the procedure outlined in this section we identified a total of 96 monsoon depressions. The interannual and intraseasonal variations in the occurrence frequency of monsoon depressions and occurrence frequency of their predecessors are presented in the next two sections. The possible causes of these interannual and intraseasonal variations are discussed there, also.
Interannual variation of occurrence frequency a. Occurrence frequency
1) CLIMATOLOGY As observed in previous studies (e.g., Krishnamurti 1979; Saha et al. 1981) , the average occurrence fre-
The 850-mb 12-24-day filtered streamline charts associated with a monsoon depression formed (on 12 August 1992) by the residual low of a 12-24-day monsoon mode. Tracks of the monsoon depression over its entire life cycle and the 12-24-day monsoon low before the monsoon depression was formed are marked as in Fig. 1 . OLR is also superimposed and stippled as in Fig. 1 . quency of monsoon depressions is about six per summer (or two per month) in this study. The identification approach of monsoon depressions adopted by this study (using primarily the 850-mb wind fields) seems to work as well as did approaches of previous investigations. Locations of the first appearances of monsoon depressions in the Bay of Bengal are marked by dots in Fig.  5 . As revealed in Table 1 , at least 91 cases can be traced to the residual lows of five different types of weather disturbances from the east. Locations of the first appearances of these weather disturbances over Indochina and the south China Sea are denoted by five different symbols: symbols 1, * , and ⌬ are assigned to tropical cyclones, 12-24-day monsoon lows, and equatorial waves, respectively, when they first appear in the south China Sea. Symbols ϩ and Ⅺ refer to weak disturbances indirectly associated with tropical cyclones (marked by open tropical cyclone symbols) and those generated over land, respectively. It is of interest to note that the first appearances of different types of weather disturbances exhibit some geographic preference. Based upon our observation, type-1 tropical cyclones are all westward straight-moving systems located north of 15ЊN. Type-2 tropical cyclones indirectly stimulating weak disturbances rarely appear south of 20ЊN, and these disturbances occur only in northern Indochina. The majority of the 12-24-day monsoon lows do not enter the south China Sea north of 20ЊN. At this point, it is not clear whether the geographic preference of any weather disturbance discussed here is related to its dynamics or special characteristics.
According to the statistics shown in Table 1 , 54 cases (ϳ60% of 91 monsoon depressions developed by the regenesis of residual lows) are directly traceable to or indirectly related to tropical cyclones from the east. This is in agreement with Saha et al.'s (1981) observation (ϳ60%). They also observed that 40% of their 52 monsoon depressions were linked to weak disturbances generated over land. The combination of monsoon depressions traceable to 12-24-day monsoon lows and landgenesis disturbances in this study accounts for 38% (35 cases), which is close to Saha et al.'s statistics. For the in situ genesis of monsoon depressions over the Bay of Bengal we found only 5% of the total formation, which is less than Saha et al.'s finding (ϳ13%).
Based upon these statistics it is of interest to estimate the westward penetration rate of weather disturbances across Indochina. It is shown in Table 1 that 69 tropical cyclones and 47 12-24-day monsoon lows were identified in the south China Sea. Comparing the numbers of these weather disturbances to those of monsoon depressions linked to them, we found that their penetration rate is about 66%. This high penetration rate of weather disturbances through Indochina supports the argument for the regenesis of the westward-propagating residual lows.
Finally, let us touch upon the contribution of equatorial waves to the formation of monsoon depressions. Although 60 cases of equatorial wave disturbances in the south China Sea were identified, there were actually only two monsoon depressions linked to the westward penetration of equatorial waves. The nonexistence of these wave disturbances west of the south China Sea may be attributed to the reversal of the low-level prevailing winds from trade easterlies to monsoon westerlies.
2) INTERANNUAL VARIATION
The histogram shown in Fig. 6a is the frequency of monsoon depressions in the Bay of Bengal. As revealed from Fig. 6a , a clear interannual variation emerges from the monsoon depression genesis frequency: the depression formation varies from three times in the 1983 summer to nine times in the 1988 and 1989 summers. Apparently, the interannual variation in the monsoon depression genesis frequency during the 1979-94 period can reach 50% of its climatological mean value.
Numerous attempts have been made to explore the cause of interannual variation in the Indian monsoon rainfall. The three most appealing mechanisms proposed are 1) interannual variation in SST over the tropical Pacific (e.g., Palmer et al. 1992; Chen and Yen 1994; Ju and Slingo 1995) , 2) soil moisture on the Indian subcontinent (e.g., Meehl 1994) , and 3) snow coverage over the central Eurasian continent (e.g., Shukla 1987; Verneka et al. 1995) . The causes of the interannual variation in monsoon rainfall considered in these mechanisms are based primarily on a perspective of largescale summer circulation. In contrast, the interannual variation in monsoon depression activity has not been widely considered as a possible cause of the interannual variation in monsoon rainfall. Since monsoon depressions can bring India about half of its monsoon rainfall, the interannual variation of monsoon depression genesis frequency (shown in Fig. 6a ) may contribute to the in- terannual variation of monsoon rainfall up to a quarter of its climatological amount. In view of this argument, the interannual variation in the monsoon depression genesis frequency may form an important factor in the interannual variation of the Indian monsoon rainfall. Since a pronounced interannual variation stands out in the monsoon depression genesis frequency, one would naturally question the cause of this interannual variation. The answer to this question may be sought from two directions.
1) The interannual variations in the activities of tropical cyclones and 12-24-day monsoon lows in the WTP-SCS region may result in the interannual variation of the monsoon depression activity in the Bay of Bengal.
2) The weather disturbance activities in the WTP-SCS region undergo an interannual variation caused by the large-scale summer circulation change in response to the interannual variation of the eastern tropical Pacific's SST (Chen and Weng 1998; 1999a, manuscript submitted to Mon. Wea. Rev.) . Thus, the interannual variation of monsoon depressions is likely related to that of the eastern Pacific SST through the large-scale summer circulation change.
The first direction is examined in this section, while the second direction will be explored in section 3.2. The surface thermal condition of the eastern tropical Pacific is operationally indicated by the index ⌬SST(NINO3), generated from the area average of the SST departures (from their 16-summer averages) over the National Oceanic and Atmospheric Administration NINO3 region (5ЊS-5ЊN, 150Њ-90ЊW ). This index, accompanied by the Southern Oscillation Index (SOI), has been used to identify extreme climate conditions. Following our previous studies (Chen et al. 1998; Chen and Weng 1998) , we adopted the following criteria to determine the thermal condition of the eastern tropical Pacific:
R warm summer, ⌬SST(NINO3) Ն 0.5ЊC, R cold summer, ⌬SST(NINO3) Յ Ϫ0.5ЊC. Applying these two criteria to the ⌬SST(NINO3) time series displayed in Fig. 7a , we define the summers of 1982, 1983, 1987, and 1991 and 1981, 1984, 1985, 1988, 1989, and 1994 as ''warm'' and ''cold,'' respectively. Compared to its climatological-mean value, the average interannual variation of monsoon depression genesis frequency is about one-third (i.e., Ϯ2 times per summer). Finally, the most interesting feature of the ⌬SST(NINO3) time series is the high correlation (ϳϪ0.92) of this time series with the monsoon depression genesis frequency (Fig. 6a) . The coincidental interannual variations of these two variables are by no means accidental. There must be some dynamical reason behind this correlation.
It is shown in Table 1 that only 18% of total monsoon depressions are formed by weak disturbances generated over Indochina and by in situ genesis. In addition to their minor contribution to the formation of monsoon depressions, these two types of disturbances do not show any interannual variation (Figs. 6e and 6f) in accordance with either ⌬SST(NINO3) (Fig. 7a) or the frequency of total monsoon depressions (Fig. 6a) . On the contrary, monsoon depressions linked directly and indirectly to tropical cyclones (Fig. 6c) exhibit a noticeable increase during cold summers and those related to the 12-24-day monsoon lows (Fig. 6d) slightly diminish during warm summers. Thus, the pronounced interannual variation of monsoon depressions (shown in Fig. 6a ) essentially results from the combination of those originated from these two sources (in Fig. 6b ).
Both tropical cyclones and 12-24-day monsoon modes are generated in the western tropical Pacific. It may be inferred from Fig. 6b that the interannual variation of monsoon depression frequency in the Bay of Bengal follows those of tropical cyclones and 12-24-day monsoon lows in the south China Sea region. To substantiate this inference, the frequency of the following three groups of weather disturbances are shown in the right column of Fig. 6 : 1) the combination of tropical cyclones and 12-24-day monsoon lows (Fig. 6g) , 2) tropical cyclones (Fig. 6h) , and 3) 12-24-day monsoon lows (Fig. 6i) . The weather disturbance activity in the south China Sea region increases (decreases) during cold (warm) summers. The interannual variation of monsoon depressions in the Bay of Bengal follows that of the related south China Sea weather disturbances. The correlation coefficients between the three aforementioned groups of weather disturbances and monsoon depressions formed by residual lows related to them are 0.93, 0.82, and 0.9, respectively. Such high correlations provide strong support for our inference about the relationship between interannual variations of monsoon depressions and the south China Sea weather disturbances. The penetration rate of the latter disturbances crossing Indochina to form monsoon depressions in the Bay of Bengal is about 67% during warm summers and 73% during cold summers. The former penetration rate is close to the overall averaged value, while the latter penetration rate is slightly higher.
In summary, two major findings obtained in this section are as follows.
1) The interannual variation of monsoon depression genesis in the Bay of Bengal is highly coherent with that of the related weather disturbances in the south China Sea. 2) The penetration rate of the south China Sea disturbances crossing Indochina is high (ϳ66%).
These two findings support the hypothesis that the interannual variation in the genesis frequency of monsoon
depressions over the Bay of Bengal results primarily from the interannual variation in the related south China Sea weather disturbances.
b. Summer circulation
Since the interannual variation of the summer circulation in south-southeast Asia has not yet been systematically explored, it may be of interest to find out whether this interannual variation exists and effects any change in the penetration rate of weather disturbances across Indochina from the east. However, to illustrate the interannual variation of the summer circulation, a brief depiction of the large-scale low-level summer circulation may be conducive to our discussion.
1) CLIMATOLOGY
The structure of the subtropical atmospheric circulation may well be portrayed by height contours, but a clear pattern of the tropical atmospheric circulation may need to be depicted by streamlines. The lower-tropospheric summer circulation in south-southeast Asia depicted with the summer-mean 850-mb height [Z(850 mb)] contours and streamlines superimposed with OLR in Figs. 8a and 8b , respectively, is characterized by the following main features. 1) Located in northern India and southern China, respectively, are the Indian monsoon trough and a minor summer land low (indicated by the stippled areas in Fig. 8a ). 2) Three troughs (in the Arabian Sea, the Bay of Bengal, and the south China Sea) and two ridges (along western India and Indochina) radiate out of the two land lows described in point 1. The troughs and ridges are juxtaposed like a shortwave train surrounding the two land lows (Figs. 8a and b) and embedded in the monsoon westerlies (Fig. 8b) . 3) As inferred from OLR, major cumulus convection covers the area of eastern India, the Bay of Bengal, and Indochina, and exists along the Philippine Sea monsoon trough. This trough is sandwiched between the North Pacific anticyclone and the Borneo-New Guinea high.
2) INTERANNUAL VARIATION
The anomalous circulation patterns of warm and cold summers in the WTP-SCS region were portrayed in previous studies (Chen et al. 1998; Chen and Weng 1998) and may be partly inferred from Figs. 8c and d. Thus, only some important features pertaining to the discussion of this study are highlighted. An anomalous teleconnection shortwave train emanates from the WTP region along the North Pacific rim. At the root of this shortwave train between the equator and 30ЊN there are a major anomalous subtropical anticyclonic (cyclonic) circulation cell (centered east of Taiwan) and a minor tropical cyclonic (anticyclonic) circulation cell (located east of Mindanoa) during warm (cold) summers. Shown in Fig. 7b is the time series of the 850-mb streamfunction departures ⌬(850 mb) averaged over a part of the subtropical anomalous circulation cell east of Taiwan (15Њ-30ЊN, 120Њ-160ЊE) . As indicated by this ⌬(850 mb) time series, the subtropical anomalous circulation cell portrayed here fluctuates in phase with the interannual variation of the eastern tropical Pacific's surface thermal condition. Furthermore, the OLR departures reveal that cumulus convection is suppressed (enhanced) along the southern half of the subtropical anomalous anticyclonic (cyclonic) circulation during warm (cold) summers.
The salient features of the anomalous monsoon circulation during the two extreme summer climate conditions in the south-southeast Asian region revealed from the anomalous 850-mb streamline patterns (Figs. 8c and 8d) are as follows. 1) During warm summers (Fig. 8c) , troughs in the Bay of Bengal, the Arabian Sea, and the south China Sea are filled by anomalous anticyclonic flow, and the ridge over northern India is weakened by anomalous cyclonic flow. The anomalous anticyclonic flow in the southern Bay of Bengal is attached to the anomalous Taiwan anticyclonic cell. Thus, the Indochina ridge is moderately intensified. In short, the shortwave train around the Indian monsoon trough and the southern China land low is weakened overall. 2) During cold summers (Fig. 8d) , the structure of the anomalous circulation pattern is nearly opposite to that of warm summers. The south Asian summer circulation undergoes an interannual variation following the WTP summer circulation. Let us explore whether this interannual variation affects the interannual variation of monsoon depression genesis frequency with the following observations. 1) Only a few monsoon depressions are formed by in situ genesis (Fig. 6f) . The deepening or filling of the Bay of Bengal trough indicated by the ⌬Z(850 mb) index (Fig. 7c) does not seem to exert any effect on the interannual variation of in situ depression formation. In contrast, the ⌬Z(850 mb) index reflects the frequency of monsoon depressions in this bay. 2) The monsoon depressions formed by residual lows of weak disturbances induced by land genesis over (1982, 1983, 1987, and 1991) ; and (d) same as (c) except for six cold summers (1981, 1984, 1985, 1988, 1989, and 1994 Indochina (Fig. 6e) do not exhibit any systematic interannual variation.
3) The penetration rate of residual lows related to tropical cyclones and the 12-24-day monsoon lows from the east is slightly increased (ϳ7%) during cold summers. Estimated with the occurrence frequencies of monsoon depressions (Fig. 6b ) and related weather disturbances in the south China Sea (Fig. 6g) , no systematic interannual preference ever emerges from the penetration rate of these disturbances crossing Indochina every summer. In other words, the interannual variation of the summer circulation over Indochina does not seem to facilitate or hinder the westward propagation of residual lows from the east.
The analysis so far does not lend support to the possibility that the interannual variation of summer circulations in south-southeast Asia has any systematic effect on the interannual variation of monsoon depression formation. This assertion leads us to conclude that the interannual variation of the monsoon depression occurrence frequency (Fig. 6a) is primarily a result of the interannual variations of the tropical cyclone and 12-24-day monsoon low activities. These latter variations are caused by the interannual variation of large-scale summer circulation in the WTP-SCS region.
Intraseasonal variation of occurrence frequency
The summer monsoon in south-southeast Asia exhibits an alternation of wet and dry conditions (active and break monsoon). The intensity of monsoon westerlies is modulated by the northward-migrating 30-60-day monsoon trough/ridge (Krishnamurti and Subrahmanyam 1982; Chen and Chen 1995) . The maximum (minimum) intensity [active (break) monsoon] occurs when the 30-60-day monsoon trough/ridge arrives at 15Њ-20ЊN to deepen (fill) the monsoon trough over northern India and the northern section of the south China Sea. Examples of the synoptic conditions during these two extreme monsoon phases at 850 mb are shown in Figs culation make the activities of tropical cyclones and 12-24-day monsoon modes undergo an intraseasonal variation in the south China Sea region? If this is the case, can the formation of monsoon depressions be affected by the intraseasonal variations in the occurrence frequencies of tropical cyclones and 12-24-day monsoon modes over this region (through the regenesis of the westward-propagating residual lows from the east)?
The Indian monsoon life cycle may be depicted by the 30-60-day bandpass-filtered 850-mb zonal wind, ũ(850 mb) at 15ЊN, 65ЊE in the Arabian Sea. Since we now focus our attention on the Bay of Bengal and the south China Sea, let us indicate the monsoon life cycle of these two regions with the normalized ũ(850 mb) at 15ЊN, 90ЊE and 15ЊN, 115ЊE, respectively. An average monsoon life cycle there spans a time period of about 40 -45 days. Following Knutson and Weickmann (1987) , we split an averaged monsoon life cycle into eight phases (the first row of numerical values along the ordinate of each panel in Fig. 10) . Each phase contains, on average, about 5-6 days. Phases 1 and 5 are designated, respectively, to cover the maximum and minimum intensity of monsoon westerlies, while phases (8, 1, 2) and (4, 5, 6) are, respectively, considered to be the active and break monsoon.
Shown in Fig. 10a are occurrence histograms of monsoon depression during different phases of the monsoon life cycle in the Bay of Bengal linked to residual lows of different weather disturbances. The major features of monsoon depression occurrence depicted by this figure are as follows.
1) The parenthesized number underneath each phase of the normalized ũ(850 mb) index is the total occurrence of monsoon depressions, except those generated in situ or over land, corresponding to that particular monsoon phase. These numbers exhibit a bimodal distribution with a major and a minor maximum appearing in phases 1 and 5, respectively. 2) During active monsoon [phases (8, 1, 2) ], the majority of monsoon depression geneses are related to residual lows of tropical cyclones and 12-24-day monsoon lows. In contrast, monsoon depressions are formed during break monsoon [phases (4, 5, 6) ] almost equally by five different types of residual lows. Note that two equatorial wave disturbances propagate westward across Indochina to reach the Bay of Bengal when the monsoon westerlies become weak. 3) The in situ genesis of monsoon depressions are nearly independent of the phase of monsoon.
A preference of monsoon phase stands out from the formation of monsoon depressions shown in Fig. 10a . Two questions are raised from this preference: 1) is this phase selection caused by the intraseasonal variation of monsoon westerlies, and 2) can the aforementioned phase selection of monsoon depression formation be caused by a corresponding intraseasonal variation in the activity of related weather disturbances in the south China Sea region? We first explore the answer to the second question and then use the penetration rate of tropical cyclone and 12-24-day monsoon lows in different phases of the monsoon to answer the first question. However, in order to answer these questions, we need first to find out whether the intraseasonal variation of summer monsoons over the Bay of Bengal and the south China Sea region are correlated. The maximum lagged correlations ( e ) between the ũ(850 mb) indices in this region are computed for all 16 summer seasons (not shown). The averaged values (standard deviations) of e and lag are 0.86 (0.08) and 2.3 (4.2) days, respectively. Evidently, the monsoon life cycles in these two regions are highly coherent.
The occurrences of tropical cyclones, 12-24-day monsoon lows, and equatorial waves in different phases of the south China Sea monsoon are shown by histograms in Fig. 10b . Let us highlight the salient features of this figure. 1) Only two of the equatorial waves lead to monsoon depressions and these happened during the break phase (4, 5, 6). As Chen and Weng (1996) suggested, the westward propagation of this wave disturbance is almost blocked out from the region west of the south China Sea by the low-tropospheric monsoon westerlies. 2) Both the tropical cyclones and 12-24-day monsoon lows exhibit an occurrence bimodality in the south China Sea region with a major and a minor maximum, respectively, in phases 1 and 5 of the south China Sea monsoon life cycle.
As indicated by the parenthesized numbers underneath the SCS monsoon phases, the occurrences of tropical cyclones and 12-24-day monsoon lows combined to exhibit a coherent variation (over the monsoon life cycle) with the total occurrence of monsoon depressions (Fig. 10a) . It is inferred from this coherent occurrence variation of monsoon depressions in the Bay of Bengal and the related weather disturbances in the south China Sea that the former variation is linked to the latter. The answer to the second question can be drawn from this inference. The penetration rates of tropical cyclones and 12-24-day monsoon lows are estimated by the ratio between the occurrence frequencies of these weather disturbances in the south China Sea and monsoon depressions in the Bay of Bengal. For both the active and break monsoons, they are 78% and 46%, respectively. The difference of penetration rates between these two extreme monsoon conditions is about 32%, which is close to half of the climatological penetration rate (66%) of the two aforementioned weather disturbances in the south China Sea. It seems that the intensification of monsoon westerlies facilitates the westward propagation of residual lows related to the tropical cyclones and the 12-24-day monsoon lows in the south China Sea. The intensification (weakening) of monsoon westerlies follows the intraseasonal deepening (filling) of the monsoon trough in northern India-Bay of Bengal and the northern section of the south China Sea (Chen and Yen 1986 ). Analyzing the 850-mb streamfunction budget of a MONEX monsoon depression, Sanders (1984) showed that the westward propagation of this depression is related to the negative streamfunction tendency of vortex stretching ahead of it. The deepening (filling) of the monsoon C H E N A N D W E N G trough [caused by the northward migrating 30-60-day monsoon trough (ridge)] enhances (suppresses) the negative streamfunction tendency related to vortex stretching, which facilitates (hinders) the westward propagation of monsoon depressions. This argument may answer the first question posed above.
Concluding remarks
One-half of the Indian monsoon rainfall is brought to this subcontinent by monsoon depressions. Since the monsoon rainfall undergoes interannual and intraseasonal variations, we gather that there are interannual and intraseasonal variations in the monsoon depression activity. If these variations do exist, what may be the cause? Saha et al. (1981) showed that the vast majority of monsoon depressions formed in the Bay of Bengal can be traced to the westward-propagating residual lows of weather disturbances from the east, directly or indirectly related to tropical storms and land genesis over Indochina. We thus hypothesized that the interannual and intraseasonal variations of monsoon depressions are caused by those of related weather disturbances in the WTP-SCS region. Our findings may be summarized as follows.
a. Interannual variation
1) Over a period of 16 summers , only 5 of 96 monsoon depressions in our analysis were formed by in situ genesis in the Bay of Bengal. The large majority of monsoon depressions (91 of 96, ϳ95%) developed from the regenesis of the westward-propagating residual lows from the east. Saha et al. (1981) traced their residual lows to tropical cyclones and weak disturbances generated indirectly in association with tropical cyclones and by land genesis over Indochina. In addition to these three types of residual lows, there exist two other types derived from 12-24-day monsoon lows and equatorial waves. However, only two monsoon depressions over the 16 summers (1979-94) were linked to equatorial waves. 2) A clear interannual variation emerges from the monsoon depression genesis frequency: its enhancement (reduction) is, on average, about one-third of the climatological level during the cold (warm) summers when ⌬SST(NINO3) is smaller (larger) than Ϫ0.5ЊC (0.5ЊC). The large majority of monsoon depressions, 77 out of 91 (ϳ85%), analyzed in this study are formed by residual lows related to tropical cyclones and 12-24-day monsoon lows. Unsurprisingly, the occurrence frequencies of tropical cyclones and 12-24-day monsoon lows combined in the south China Sea region exhibit an interannual variation tendency highly correlated (with a correlation of 0.93) with that of monsoon depressions formed by the residual lows of these weather disturbances.
3) The penetration rate of weather disturbances (related to tropical cyclones and 12-24-day monsoon lows) across Indochina is climatologically about 66%. This penetration rate does not exhibit a significant and systematic interannual variation. On the contrary, the lower-tropospheric summer circulation in southsoutheast Asia undergoes a relatively systematic interannual variation in accordance with the interannual variation of ⌬SST(NINO3). In view of this contrast, the interannual variation of monsoon depression formation is attributed primarily to the interannual variation of tropical cyclones and 12-24-day monsoon lows combined over the WTP-SCS region. The latter interannual variation is regulated by the interannual variations of summer circulation over the WTP-SCS region in response to ⌬SST(NINO3).
b. Intraseasonal variation
1) A bimodal distribution of monsoon depression formation frequency stands out over the monsoon life cycle with a predominant maximum occurrence during active monsoon and a minor maximum occurrence during break monsoon. 2) What may be the cause of the phase selection of monsoon depression formation activity? There are two reasons for this. First, a coherent intraseasonal variation exists between occurrences of monsoon depressions in the Bay of Bengal and the related weather disturbances in the south China Sea region. Second, the penetration rate of relevant weather disturbances across Indochina undergoes an intraseasonal change: 78% and 46% during active and break monsoon conditions, respectively. The second reason may be attributed to the intraseasonal variation of the monsoon trough. The deepening (filling) of the monsoon trough during active (break) monsoon may facilitate (hinder) the westward propagation of residual lows of tropical cyclones and 12-24-day monsoon lows.
The major results presented in this study are the statistics of monsoon depression activity in a climatological sense. However, some future efforts of exploring several interesting features of monsoon climate dynamics and the hydrological cycle may be suggested by results obtained in this study.
1) The current simulations of monsoon climate by different research groups are often focused on the impact of external forcings, for example, the tropical Pacific SST anomalies on the seasonal-mean climate condition, changes of rainfall, and large-scale circulation. Perhaps due to the limited horizontal resolution of climate models (e.g., Sperber et al. 1994) , never in the past has any study explored the possible impact of interannual variation of monsoon depression activity on monsoon climate change. This interannual variation and its possible effect on the VOLUME 127 M O N T H L Y W E A T H E R R E V I E W monsoon rain may constitute an intriguing aspect of the monsoon climate simulation.
2) It has been a traditional view that the monsoon life cycle is caused by the modulation of the 30-60-day monsoon mode. In other words, the alternation between wet and dry periods of monsoon results from the northward migration of the 30-60-day monsoon trough/ridge (Krishnamurti and Subrahmanyam 1982) . However, the phase selection of monsoon depression formation activity and the intraseasonal change of penetration rate of weather disturbances from the east make us face the following questions: a) what is the hydrological role played by the monsoon depression within the 30-60-day monsoon trough/ridge, and b) how does the monsoon depression interact dynamically with the 30-60-day monsoon mode? 3) The water vapor that maintains monsoon rainfall is supplied primarily by the Somali jet from the west, but monsoon depressions propagate westward, particularly during active monsoon. How would the westward-propagating monsoon depression interact hydrologically with the eastward-transported water vapor by the monsoon westerlies to form monsoon rain?
